ABSTRACT. To clarify the influence of rearing conditions on the growth of various body parts of Japanese macaques (Macaca fuscata), two groups reared under different conditions, i.e., a group born and reared in open enclosures (Enclosure group) and another consisting of macaques born and reared in cages (Caged group), were somatometrically analyzed. Somatometric data on 36 measures of various body parts were collected from 77 males and 92 females. Growth in many body parts was smaller in the Caged group than in the Enclosure group. Body parts that exhibited large incremental increases were more sensitive to differences in rearing space at the infantile growth stage in both sexes. Recovery from delayed growth at the pubertal growth stage was found in many body parts. However, the size of some locomotor elements such as the wrist and hand, and ankle and foot strongly reflected limitations of space and changes due to this were irreversible. Females were more sensitive than males to such differences in rearing conditions. We conclude that open enclosures with ample rearing space are necessary for the innate growth of Japanese macaques to occur.
The Japanese macaque is routinely used for experiments in various fields such as medicine and biology because of its phylogenetic closeness to human beings. Although investigators have attempted to elucidate the morphological characteristics of Japanese macaques, their main focus has not been the morphological differences caused by various environmental factors, and discussion has been limited to the influences of nutrition, climate and genetic background [1] [2] [3] [4] [5] [6] 16] . In many laboratories, non-human primates, including Japanese macaques, are reared in cages. Although growth is thought to be suppressed in cages because of their limited space, a detailed comparison of differences in growth between caged Japanese macaques and free-ranging ones has not been carried out to date. Japanese macaques are reared in both open enclosures and cages for breeding purposes at the Primate Research Institute of Kyoto University. As these two rearing systems are quite different, especially in terms of space, the purpose of the present study was to clarify what morphological characteristics are subject to changes in growth in Japanese macaques reared in a limited space environment.
MATERIALS AND METHODS
This study was approved by the Animal Welfare and Animal Care Committee of the Primate Research Institute of Kyoto University.
Animals: All Japanese macaques used in this study were born and reared at the Primate Research Institute of Kyoto University and were nursed by their own mothers. They were classified into two groups according to their rearing conditions. One group consisted of macaques that were born and grew up in open enclosures. The other group consisted of macaques that were born in individual cages, were separated from their mothers after 1 year of age, and subsequently grew up in the same kind of individual cage or were housed in outdoor cages. These two groups were named the Enclosure group and the Caged group, respectively.
Rearing conditions : Areas of the corral enclosures, outdoor cages, and individual cages were 496 to 2,100 m 2 , 9 m 2 , and 0.5 to 0.6 m 2 , respectively. Corral enclosures were surrounded by a reinforced concrete 3.5 m wall and 4 m high climbing frames were built in the center. Outdoor and individual cages were constructed of stainless steel frames 2.2 m, and 0.8 to 0.85 m high, respectively. Macaques moved and climbed on frames freely within the enclosures. Due to restrictions of space, however, they could move much less freely in outdoor or individual cages. Individually caged macaques were kept in a room with a temperature range between 10° to 25°C and a lighting schedule of 12L-12D (lights on at 06:00). All macaques were fed every day with commercial monkey-chow (Oriental Yeast Co., Ltd., Tokyo, Japan) supplemented with sweet potatoes three times a week. They took water ad libitum.
Somatometry : Somatometric data on Enclosure group macaques were obtained by measuring 85 individuals from 1 through to 7 years of age. Data on Caged group macaques were obtained by measuring 10-14 individuals annually from 1 to 7 years of age. The Caged group macaques were separated into 2 subgroups, macaques in individual cages and those in outdoor cages, from 2 years onward. The number of individuals from the Enclosure and Caged groups subjected to somatometric analyses at each stage are shown in Table 1 .
Macaques were anesthetized by an intramuscular injection of ketamine-hydrochloride (Sankyo, Co., Ltd., Tokyo, Japan), 10 mg/kg body weight, and measured with somatometric instruments used for humans. The measurement method of Martin and Saller [7] was applied with some modifications of Hamada [1] and Iwamoto [6] . A two-way ANOVA with two factors, group and age, was performed on each individual measurement. When the difference in a measurement between groups was significant (p ≤ 0 .05), the Duncan multiple range test was performed separately for males and females. Although Caged group macaques were further separated into individual and outdoor cages from 2 years of age, data obtained from caged macaques were treated statistically as one group since no significant differences were evident between these subgroups.
RESULTS
The somatometric data of 36 body part items are summarized in Tables 2 and 3 . The timing of major physiological growth events, such as weaning and sexual maturation, were the same for the two groups, and similar to those reported previously in Japanese macaques [8, [10] [11] [12] . Trends of growth in the Enclosure group macaques were similar to those of free-ranging Japanese macaques [3, 4] . Growth in many body parts, however, was different between Enclosure and Caged group macaques. In 20 measurements in males and 28 measurements in females, the average values of Caged group macaques were significantly smaller (p ≤ 0 .05) than those of the Enclosure-group, from 1 to 7 years of age. Items that exhibited larger measurement values in Caged group macaques occurred five times in males and once in females.
Characteristics of growth in each body region examined were as follows:
Head: The growth of all cranial measurements was statistically the same in males of both the Enclosure and Caged groups, except that head length and height in the Caged group was significantly smaller than that of the Enclosure group at 4 and 7 years of age, respectively. In females, however, most Caged group measurements were significantly smaller than those of the Enclosure group from 3 to 7 years of age. Head length and breadth of Caged group females were also significantly smaller than those of Enclosure group females at 1 year of age.
Face: No difference in the growth of face-related body parts was found between Enclosure and Caged group males with the exceptions of facial height in the Caged group, which was significantly smaller than that in the Enclosure group at 4 years of age, and bigonial breadth which was significantly larger in the Caged group than in the Enclosure group at 5 and 6 years. In females, the growth of bigonial breadth of the Caged group and the Enclosure group was similar, whereas growth in facial height and upper facial height of the Caged group was significantly smaller than those of the Enclosure group from 3 years onward.
Trunk: In males, 4 of 8 trunk related measurements, i.e., sitting height, tail length, anterior trunk length and bi-acromial breadth of the Enclosure and Caged groups showed similar values from 1 year of age onward, except for larger values of sitting height at 6 years, and anterior trunk length at 5 years in the Caged group. Chest breadth and depth of the Caged group were significantly smaller than the Enclosure group at the infantile stage. In contrast, bi-iliac breadth and bitrochanteric breadth of the Caged group were significantly larger at the pubertal stage. In females, 4 measurements exhibited differences between the groups. Three of those, sitting height, chest breadth and depth, were significantly smaller in the Caged group at some growth stages, whereas bi-iliac breadth of the Caged group was significantly larger than that of the Enclosure group at 7 years.
Limbs: In Caged group males, 7 of 12 limb-related measurements, i.e., hand length, hand breadth, 3rd digit length, foot length, foot breadth, 1st toe length and 3rd toe length, were significantly smaller than those of the Enclosure group at some growth stages. In particular, for hand length and breadth, and foot length and breadth, this tendency was remarkable. Only upper arm length of the Caged group was a) Fourteen individuals were subjected to somatometric analyses at each stage. Half of the individually caged macaques were transferred to outdoor cages at 1 year of age. Since some macaques died due to accidents, the summed numbers decreased between the ages of 2 and 7 years.b) All macaques were different individuals. Somatometric items were chosen after Martin and Saller [7] . Numbers in parentheses correspond to those used by those authors. Three additional limbs measurements, foot breadth, 1st toe length and 3rd toe length, were chosen from Hamada [1] and Iwamoto [6] . The growth pattern of each somatometric item is specified based on differences in somatometric data between the Enclosure and Caged group macaques. Detailed descriptions of these growth categories are given in the text. Differences between the Enclosure and Caged group macaques in each matrix were examined using the Duncan multiple range test. Matrices where significant differences between mean values were found are highlighted. *: p < 0.05, **: p < 0.01, E: Enclosure group, C: Caged group. significantly larger than that of the Enclosure group. In females, all limb measurements, except upper arm length and 1st toe length, of the Caged group were significantly smaller than those of the Enclosure group at certain growth stages. This tendency was remarkable in hand and foot, length and breadth in females as well as in males. Girth: We found the largest number of age-related significant differences between the Enclosure and Caged groups in girth measurements. More significant differences were evident between females than males. For all measurements exhibiting significant differences, the average values of Caged group macaques were smaller than those of the Enclosure group in both sexes. In particular, in maximal and minimal girth of the forearm and maximal and minimal girth of the leg, the Caged group values were smaller than those of the Enclosure group at most measurement points over the 7 years in both sexes. In females, chest girth of the Caged group was significantly smaller than that of the Enclosure group at every year.
Body weight: Body weight of the Caged group was significantly smaller than that of the Enclosure group at 7 years of age in males, and from 4 to 6 years in females.
DISCUSSION

Differences in growth between
Enclosure and Caged group macaques : Clear differences in the growth of body parts between macaques born in an enclosure and those born in cages were evident; many somatometric data of the Caged group were significantly smaller than those of the Enclosure group. How these differences come about became clear when we examined the growth of Japanese macaques at infantile and pubertal stages. Hamada analyzed the characteristics of 16 somatometric body measurements including body weight in the Japanese macaque [3] . His results showed that the growth curve for each somatometric item has a common 'bi-phasic' characteristic: growth consists of early or infantile growth and pubertal growth. The growth of many primates, including humans and other macaques, exhibits this 'bi-phasic' tendency [15, 17] which might account for the pattern of differences evident in this study. Similar trends of growth in several body parts, including head, face, and trunk related items in males and trunk related items in females, are thought to be due to identical rates of growth at the infantile and pubertal stages of the Enclosure and Caged groups. Differences in the growth of most head and face related items in females, and some girth related items in both sexes might be due to differences in growth mainly at the pubertal and infantile stages, respectively. Differences in some limb and girth related items might be due to growth rate differences both at the infantile and pubertal stages.
We believe that growth differences between the two groups were generated by differences in the rearing conditions. Although some exceptions exist, the somatometric data of the Caged group macaques were the same or lower than those of the Enclosure group macaques at every stage, suggesting that rearing in cages inhibited the innate growth of the animals. The growth of girths and chest breadth in both sexes and chest depth in males might be suppressed at the infantile stage when macaques are reared in cages. It is known in the Japanese macaque [1, 3] , that a body part smaller in relative size to the adult at birth exhibits a high increment of growth in the first year of life, whereas a relatively larger part shows less incremental growth. Since body parts such as chest breadth, thigh girth and leg girth, are high or intermediate increment items at the infantile stage, rearing space can affect the growth of these measures at the infantile stage or in the first year of life.
The growth of some body parts was lower in the Caged group than in the Enclosure group macaques at every stage of development. These parts include hand length and breadth, foot length and breadth, maximal forearm girth and minimal leg girth in both sexes, minimal forearm girth and maximal leg girth in males, and head length and chest girth in females. The growth of these measures might have been suppressed by rearing in cages at the infantile stage and compensatory growth at the pubertal stage is thought to have occurred incompletely when the animals were reared continuously in cages. Although the average values of most measurements of the Caged group were smaller than those of the Enclosure group, some measurements, such as bigonial breadth, sitting height, anterior trunk length, bitrochanteric breadth, upper arm length in males, and bi-iliac breadth in both sexes, were larger in the Caged group animals. In males, differences in growth of bigonial breadth, bi-iliac breadth, bitrochanteric breadth, sitting height and anterior trunk length appeared and disappeared at the pubertal stage. These results suggest that growth of these 5 measured items in the Caged group accelerated at the pubertal stage. We can suggest no plausible reason at present for either accelerated growth rates or for larger mean values of upper arm length and bi-iliac breadth in the Caged group.
Sex differences in the appearance of growth differences : Differences in growth patterns between the sexes were most obvious in head, face and trunk related items. Sexual dimorphism in macaques is pronounced [9] and, in particular, differences between the sexes in size and growth of the head and face are considerable [14] . One important factor affecting growth of the head and facial elements is development of the masticatory apparatus, i.e., the eruption of deciduous and permanent teeth and the development of the muscles of mastication. The masticatory apparatus is thought to be more important for males than for females because it is essential for fighting enemies. Strong selection pressure for proper growth of the masticatory apparatus might operate to ensure stable innate growth of head and facial elements in males of both the Enclosure and Caged groups. In males, some trunk related items exhibited greater acceleration of growth at the pubertal stage in the Caged group. Caged group females, however, exhibited no such trend.
Effects of locomotion : Growth in the length and breadth of both hands and feet differed significantly between the Enclosure and Caged groups at the infantile and pubertal stages in both sexes. These measures are important not only in terms of locomotion but also for grasping the mother's belly or back in newborns. Hamada has reported that characteristics of postnatal growth imply either: (1) that the macaque grows up not to be a cursorial or saltatorial specialist but to be a plantigrade quadruped and/or climber, or (2) that the body of the newborn macaque is so well developed (i.e. relatively strong feet and hands) as to give the baby the ability to grip firmly [2, 13] . As the main difference between an enclosure and cage is space, macaques born in an enclosure might locomote more so than those born in a cage. This difference may consequently affect the growth of locomotion elements. Infants in a cage may also have less need to grasp the mothers belly or back because she has less space in which to move. Growth in wrist and ankle girths, which differed significantly between the Enclosure and Caged groups at the infantile and pubertal stages, are also important elements for locomotion.
The effect of feeding : Although food and water were supplied in the same amount to the Enclosure and Caged groups, the amount of intake of food and water might vary between these groups. In the Enclosure group, the social rank of juvenile and young macaques is lower than that of adults, so they may not be able to take as much food as they need until they are fully grown. In contrast, Caged group macaques experience little or no food competition that may confer on them an advantage over Enclosure group animals in terms of food intake. However, many somatometric measures of the Enclosure group were larger than or similar to those of Caged group macaques. Therefore, the growth differences detected probably do not reflect to any degree of a difference in food intake.
The present study revealed that the growth measurements with a large growth increment are more sensitive to differences in rearing conditions at the infantile growth stage in both sexes. Many measurements that exhibited retardation at the infantile stage recovered from the delay in growth at the pubertal growth stage. However, the size of some locomotor elements (e.g., the wrist and hand, or ankle and foot) strongly reflected limitations of space and changes due to this were irreversible. Further, our results suggest that females are more sensitive than males to space restrictions during growth. Ample rearing space and/or no height limitation is recommended for innate growth to occur in this species.
